Abstract For several wood-based materials (plywood, OSB, melamine faced board (MFB), particle board and fibre board), the thermal conductivity was determined as a function of the temperature (ranging between 10 and 30
Introduction
Data for the thermal conductivity and the water vapour resistance factor of modern wood-based materials are often lacking or are incomplete. The properties of current products are thus often extrapolated from established values of well-known materials. This especially applies to values that depend on the moisture content and temperature. In this present study, the thermal conductivity depending on the temperature and on the moisture content as well as the water vapour resistance factor under dry cup and wet cup conditions, were evaluated for several wood-based materials such as plywood, OSB, particle board, and fibre board.
Amongst other factors, thermal conductivity also depends on density, moisture content, temperature, direction of heat flow and particle size (Suleiman et al. 1999 , Bader et al. 2007 ). For solid wood parallel and perpendicular to the grain, Kollmann (1951) already defined equations for the thermal conductivity (at 27
• C and 12% moisture content) depending on density as follows (converted into SI notation by Niemz 1993):
• Parallel to the grain:
(1)
• Perpendicular to the grain:
where λ is the thermal conductivity parallel to the grain [W/(m K)], λ ⊥ the thermal conductivity perpendicular to the grain [W/(m K)], and ρ the density [kg/m 3 ]. For particle board, Schneider and Engelhardt (1977) determined the influence of density on thermal conductivity. From a thermal conductivity-density diagram, the following equations for the thermal conductivity of dry particle boards perpendicular to the board plane at 10
• C can be derived:
λ pb(u) = 0.016 + 0.144· 10 −3 · ρ (3) λ pb(p) = 0.026 + 0.140· 10 −3 · ρ
where λ pb(u) , λ pb(p) are the thermal conductivity of particle board with urea (u) or phenolic (p) resin [W/(m K)], and ρ is the density [kg/m 3 ]. The in-plane conductivity was 1.9-2.4 times higher than the thermal conductivity perpendicular to the board plane.
The influence of moisture on the thermal conductivity was discussed by Cammerer and Achtziger (1984) for several wood species and particle board. They found the thermal conductivity to increase by 1-2%, per percent increase of moisture content for solid wood and 1-2.4% for particle boards.
Values for the water vapour resistance of several woodbased materials have only been industrially calculated. Radovic et al. (2001) give an overview of the water vapour resistance factor and the thermal conductivity of many industrially produced wood-based materials. The values, however, do not consider the influence of density, temperature and moisture.
Materials and methods
Thirtytwo industrially fabricated wood-based materials with following thicknesses were investigated:
• Plywood (beech): 25, 35, 50 mm, • OSB 3: 12, 15, 18, 22, 25 Explanations: OSB 3 = oriented strand boards for supporting purposes in moist surroundings, here: glued with PMDI (polymeric methylene diphenyl diisocyanates) and MUPF (melamine urea phenol formaldehyde); V20 = Usage in rooms with generally low humidity (particle boards and MDF glued with UF (urea formaldehyde)); MDF = medium density fibreboard; HDF = high density fibreboard; * = the whole plate as well as the substrate only was tested.
To determine the thermal conductivity, three to five specimens per type sized 500 mm × 500 mm × sample thickness were analysed. Prior to testing, the boards were conditioned at standard climatic conditions (20
• C and 65% RH). The measurements were carried out with the guarded hot plate apparatus λ-Meter EP500 (Lambda-Messtechnik GmbH, Dresden) according to ISO 8302 at 10, 20, and 30 • C. With a linear regression through the values at the three temperatures, the thermal conductivity at 10
• C (λ 10.reg(T ) ) and the change of the thermal conductivity with increasing temperature (∆λ T • C = slope of the regression) were determined. To reveal the influence of the moisture content, several board types were selected (plywood: 25 mm, OSB: 18 mm, particle board: 16 mm, MDF: 3 and 16 mm, substrate of laminate flooring (HDF): 7 mm). Therefore, five specimens per type were conditioned at 20
• C and 40, 65, and 80% RH and also dried and tested for all conditions at three temperatures (10, 20, 30 • C). First, the thermal conductivity at 10
• C was determined for all conditions as described above using a linear regression through the values of the three temperatures and then a further linear regression was placed through the values at different moisture contents. Hence the values under dry condition (λ 10.dry.reg(ω) ) as well as the change of the thermal conductivity with increasing moisture content (∆λ ω ) were determined at a temperature of 10
• C.
For measuring the water vapour diffusion, three cylindrical specimens of 140 mm diameter × sample thickness were used per climate and type. The tests were carried out according to ISO 12572 under dry cup (20
• C-0/65% RH) and wet cup conditions (20
• C-100 /65% RH). The specimens were first conditioned at standard climatic conditions (20
• C/65% RH) and then put on top of a glass vessel filled up to approximately 20 mm under the brim with either totally desalinated water or a desiccant (silicagel). The specimens were laterally sealed with a close-fitting endless rubber band. After attaining the equilibrium moisture content, the vessels with the specimens were weighed seven times with an interval of 1 to 4 days between each weighing depending on the thickness and the permeability of the respective specimen. Due to the change of mass, which corresponds to the water vapour flow rate through the specimens (G), the water vapour resistance factor was calculated by the following equation (cf. ISO 12572, Annex G): Then the diffusion coefficient could be determined as follows (according to Siau 1995) : For Eq. 6, a moisture content of 25% was assumed for all wood-based materials at 100% relative humidity. This is 0.4-2.4% higher than the values of comparable wood-based materials measured by Sonderegger and Niemz (2006) at 95% relative humidity.
To calculate the water vapour resistance factor of the double-sided melamine faces of the coated specimens, the following equation was used (depending on Cammerer 1956) neglecting the water vapour transfer coefficients: Each coating was 0.1 mm thick except for laminate flooring with a HDF substrate (here: one coating was 0.2 mm thick because of an additional overlay). The reverse side of each laminate flooring was not melamine-but phenolic-faced.
Results and discussion Table 1 shows the thermal conductivity of all wood-based materials tested after being conditioned at 20
• C and 65% RH. The beech plywood had the highest values (0.158-0.173 W/(m K)) followed by HDF (0.124-0.137 W/(m K)), MDF (0.108-0.123 W/(m K)), particle board (0.099-0.118 W/(m K)) and OSB (0.098-0.106 W/ (m K)). MDF wall panel, which had by far the lowest density of the tested materials, had the smallest value (0.076 W/(m K)). The coated HDF, MDF and particle boards had higher values than the uncoated boards. This is mainly influenced by the higher density of the coated boards. Figure 1 shows the thermal conductivity of all materials depending on the density. For fibre and particle boards, the linear regression is plotted into the figure. Furthermore, the values of Eq. 2 (solid wood perpendicular to the grain by Kollmann (1951) ) and Eqs. 3 and 4 (particle board with urea and phenolic resin respectively by Schneider and Engelhardt (1977) ) are plotted in this figure. A clear decrease of the thermal conductivity with decreasing particle size from solid wood over plywood and particle board to fibre board was found. For fibre boards, the slope of the plotted regression corresponds to the values of Schneider and Engelhardt (1977) measured on both types of particle boards, even though on a lower level. In contrast, the slope of the particle boards measured within this project is considerably lower. This probably depends on the different particle sizes. Flooring boards with a high density have exclusively small particles and thereby similar values like fibre boards. The other particle boards with lower density are three-layered with larger particles in the middle layer and agree well with the values of Schneider and Engelhardt (1977) for particle boards with urea resin.
To measure the influence of the board thickness, all values for thermal conductivity were adjusted to a mean density of the respective material depending on the slopes in Fig. 1 (for OSB, the same gradient as for particle board was used; for plywood, the gradient of the formula of Kollmann (1951) was used). Figure 2 shows the corrected values depending on the board thickness. No clear correlation between these two properties could be found. Table 2 shows the thermal conductivity depending on the moisture content. As expected, the values at dry conditions are lower than the values at standard climatic conditions, but the ranking between the materials is the same. Plywood shows the highest change of thermal conductivity with increasing moisture content (both absolutely and relatively) and OSB the lowest, while particle and fibre boards have medium values.
The characteristics of water vapour flux through the investigated materials are shown in Table 3 in terms of the water vapour resistance factor and the diffusion coefficient under dry and wet conditions. The coefficients of variation for the values of the uncoated fibre and particle boards are predominantly low. For OSB, plywood and the coated boards, the coefficients of variation are much higher due to the irregularity of the span size (OSB) and of the bonding (plywood, coated boards). Under dry conditions, the water vapour resistance factor is up to two times higher than under wet conditions (except for laminate flooring). The diffusion coefficient is also higher under dry than under wet conditions although the opposite was expected. Wu and Suchsland (1996) also measured decreasing diffusion coefficients with increasing moisture content for particle board. They interpret this observation as follows: the dominant moisture transfer mechanism in particle and fibre boards is water vapour diffusion through air-filled pore spaces, while bound water diffusion, such as in solid wood, is less pronounced. According to Ganev et al. (2003) , who analysed MDF, the increase or decrease of the diffusion coefficient with increasing moisture content depends on the sorption direction of the measurements. The diffusion coefficient decreases with increasing moisture content in adsorption and increases with increasing moisture content in desorption.
For the uncoated fibre and particle boards and the coated boards, a clear density influence is obvious for both the water vapour resistance factor and the diffusion coefficient (Figs. 3-6 ). While in both differential climates (dry cup and wet cup) the water vapour resistance factor rises exponen- tially with increasing density, the diffusion coefficient linearly declines.
Furthermore, a slight influence of the board thickness was found for the water vapour resistance factor of particle and fibre boards, but this interferes with the influence of the density (Table 3 ). The influence of the thickness possibly results from the different density profiles perpendicular to the plate and the coating, respectively. To evaluate this in detail, Drewes (in Kiessl and Möller 1989) has evaluated the influence of the density profile for urea and phenolic resinbonded raw particle boards. He found that the face layers had a 4-to 10-fold higher water vapour resistance factor than the middle layers. This ratio, however, declines with increasing moisture content.
The water vapour resistance factor of the melamine faces strongly varies: the lowest values were found for laminate flooring with a substrate of particle board, the highest values were measured for melamine faced MDF (Table 3) . Various factors influence these results, such as different structures of the faces (melamine or phenolic faces, thicknesses of 0.1 or 0.2 mm), equilibrium moisture content (EMC), thickness and density of the board, and others. The values of the wet cup tests are mostly higher than those of the dry cup tests. Presumably, the used apparent EMC (not more than 0.1% change of weight within 24 h) differs more from the true EMC for wet cup tests (higher differences of moisture content) than for dry cup tests resulting in too high water vapour resistance factors. 
Conclusion
Various dependencies between the thermal conductivity and the water vapour resistance as well as density, moisture content, temperature, board thickness and particle size were determined for the investigated wood-based materials. Thermal conductivity increases with rising temperature, moisture content and density but the slope of the increase depends on the wood-based material. The comparison of different materials with a similar density level resulted in a clear reduction of the thermal conductivity with decreasing particle size, but no influence of the board thickness was found. The water vapour resistance factor increases with rising density and decreases with increasing moisture content. In contrast, the diffusion coefficient decreases with rising density and moisture content. Furthermore, for uncoated particle and fibre boards as well as coated materials, the water vapour resistance decreases with increasing board thickness.
